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SReport for research undertaken between August 1, 1982 - February 1 1983

As part of our efforts to develop a simple jjL xi= assay for the ability
of pollutants to increase misranslation. ve have determined the normal
frequency of mistranslation resulting in misincorporation of amino acids into.
the 7 0.3 protein. An average value of 0.019 cysteine residues per molecult
ws found in this mun-cysteine-containing protein. Since there are 116 anino
asids in the protein, this represents 1 cystne U.arncorporate, per 5.000
mino acids: a mistranslaion frequency of .3z 10- per codon. Control
ezperisents were carried out in which the number of nethionine residues in 0.3

:protein was measured. Our eperimental results indicated that 0.3 protein has
5.7 methionine residues per molecule. The DNA sequence

indicates that 0.3 protein actually contains 6 nethionines per olecule. !
Additional evidence to support o l vlue for normal sistransletion in 0.3

prOtein was the demonstration that is not transferred from cysteine to

MOhLoULae. zperimencs using a nethionine-cysteine double auzotrophic
strain. K. coU 0.266, gave values for methionine and cysteine incorporation
iato 0. protein similar to those obtained with the prototrophic K. sal
strain B. AutoS~diograns of thin layer chronatograms of material produced by
hydrolysis of S-cysteine-labeled 0.3 protein showed that the radioactivity
ws still in cysteine and had not been astabolized to methionine.

I.'- hu"ls. AL ApAZJaanu n.Las&eMd h&UMU LLLZ 1111 Zl.L2119

1.* hgmiu zid aL Uh* anz hILL I& DA azagin Zau.LAtM n hZ

Or last progress report described preliminar ezperiments which
detem11ned conditions for calculations of uisincorporation of cystsine into
the oem-cysteine-containing T7-encoded 0.3 protein. Based ea these
empeuiamets we have determined the austrauslation frequency during normal 7

fectiou of . + , (Table 1). In sistilnr_,eperimests substituting
"-methionine for 3-cysceine. and adding 2 z 10 - X uthwoine to saturate

the metbionine transport systen, we have eperineutaly determined the mmber
of metbionine residues per 0; nolecule (Table 1). The latter eperimats
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represent an ideal control for all parameters of the ezperimenas since it is
knom (1) that the 0.3 protein contains 6 methionine residues.

Calculations used to determine the number of clteine (or methionine)
residues incorporated into the 0.3 protein are as follows:

(C) Specific activity of 35 -cysteine (total number of cys
residues/Cm) .
IekiA.M16S10 als--44W. !fl1 4 Ui1teve y4" ev I

CPR of "S-cysteine added to culture

(2) Specific activity of 0.3 protein (Number cys residues per molecule
0.3 protein) a
C AV I~ 'M of 0-1 nrmfe'4 T mei. {'43 n

Molecules of 0.3 protein in I al

The calculation requires labeling of 0.3 protein with 3 cysteine
followed by biochemical purification of the protein and

radiochemical mesurmuts an the purified protein. The following scheme has
bees developed to paify the 0.3 protein and obtain the required measurements:

6 Cai I is grow to 8 x 10 cells/ul (A 8 0 a 0.8) (exponentially growing cells
which are most susceptible to phage infeccion.)

Cells are washed twice in R9 inial Ldam.

Cells are resuspended at 2 z 10/ul in 50 al 19 minimal medivm containing 2 z
10 x cytceil + 0.1 as mthionine/ull + i01 (Z/v) Cystiine Assay Medina
(Difco) (for $-cysteine labelingor 2 z 10 e'N mothionize 10 (v/,)
Mthiosa Assay Medium (Difco) (for 3--methiouine labeling).

The 17 uatamnt3lemL93L63 is added at 3l a 3.
lp

S cysta~se (or 35$-mhtonine) Is ad.ed at 10 pCi/al.

tafected cells are incubated for I hr at 370C with shaking.

Cells are centrifuged for 10 sin at 10,000 ! S.

Cells are resuspended in 2 *l lsis bffer + 20 p1 2 u tlysuye/ul + 10 )LI
0.3 at PW (protesse inhibitor). '

Cells we incubated 30 sin at 30. them from end thwed 5 tine.

M t 4dested ith10 1 2 agI L 10& ItN% * incubation for 30

3



Tbi volun is measured and n 4 Cl is added to 0.3 A.

The liquid is centrifuged .for 15 mi at 17,000 a s.1 $1~1
The clarified upernatant is passed through a DUE colum equilibrated with
0.3 1 134 Cl - 20 zK Tris buffer. pR 8. The column (volume a 10 al) is washed
vith 100 al of 0.3 K XR4CI-Tris buffer. Acidic proteins are eluted with a 40
at 0.3 X - 1.0 X SR4PI-Tis buffer Sra ieut. fractious (3 al) are collected.

T•

Fractions are tested for 0.3 protein by the Ouchterlouy iammodiffusion
technique using rabbit anti-0.3 antiserum, raised as part of this project.

Tractions containing the 0.3 protein are pooled* and protein is precipitated
Vith 101 (v/v) trichloroeacetic acid (TCA).

The precipitate is dissolved in Tris buffer. p1 8.8. The volume of buffer
added is determined by the &S sum of the pooled fractions. (Eza ple: if
the A sum is 4.0, 0.40 ml o f 'ffer is added.)

Your volumes of 95Z ethanol are added, and the solution is placed on ice for
30 min.

'The solution is centrifuged for 15 sin at 17.000 S.

The pellet is discarded because 0.3 protein is soluble in ethanol. An equal
volume of 10Z TCA is added to the supernatant.

The solution is placed on ice for 1 hr.

The solution is centrifuged for 15 win at 17,000 z S.

'li pellet is dissolved in 0.5 al Tris buffer, pit 8.8.

The pellet is tested for purity of 0.3 protein bylDS-P1AE (10-20 gradient)
ad stained for protein with the silver nitrate staining technique.

TU quantity of pure 0.3 protein is det eained using the tio-tad Protein Assay
bit.

4--K



10 jl of pure 0.3 protein is applied to filters (in triplicace 5 and counted in
a sciatillacion counter. 5 ALL of a L:1000 dilution of the S-c7steine (as
supplied by the manufacturers) is also counted in triplicate.

Calculations are then performed.

2. lut,.,. m %k-==si~UL iAi =n. g= ad. t

if 355 were transferred from cysteine to methtonine, the calculated error
level in the s7uthesis of 0.3 protein would be higher than the actual error
level since methionine is present in 0.3 protein. We demonstrated S was not
transferred from cysteine to usthionine in tvo ways.

(1) Be hydrolysate of 0.3 proteins SyUtb*sized in the presence of
S-eysteine. was resolved into individual amino-acid spots by

thin layer chromatography (cellulose mactr using N-propanol:
m ium hroxide (70:30) as solvent). Autoradiography was used
to locate S on the chromatograu. The radioactivity was
located in the cysteine spot and not in the methtonine spot.

(2) An 1. zgL strain auxotrophic for methionine end cysteine
was used as host for T7 infection. (X. nIj X=56). This
strain is detective in =L L (tetrahydropteroyltriglutamte
uethyltransferase) and =a G. (adenylsulfate kinjae) and cannot
convert cysteine to methionine. The levels of S-c7steine
incorporation into 0.3 in T7-infected 1. zali 1Z66 were not
signicantly different from the levels of incorporation found with
prototrophic . Sa strains (Table 1).

5
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Table 1. Incorporation of Cysten and Methionine Into
the 0.3 Protein

3. col No. cys residues 2  No. met residues2,3

Experiment s7r- per molecule per molecule

6 3 .021 -

7 3 .022 -

9 3 .01k -

11 3 .023 -

10 L.266 .012 -

13 1.266 .016 -

3----- 5.2

3 3 -.

4 .266 - 3.7

8 ,.266 - 4.3

1. Cali 3 is prototrophic.

L Cali K11266 is F-, leu B6, proC32, hisFS , cysC43, btyA,
ZegW "O, thi-1, ara-I4, Lac236, xyl-5, mtJ-1, maL.38, E:sE2115,

vZ 5), L'9 o-Str109).

2Values calculated on the basis of 35S-cysteine or 35S-methionine

Incorporation.
3

Direct amino acid sequencing and the known DNA sequence predict
6 methionines per molecule of 0.3 protein (1).

6
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T I e I corporatio of Cyseine and Methionine Into
the 0.3 Protein

Z. Cali No. cys residues 2 No. met residues2'3
txperimene ser'' per molecule W molecule

6 3 .021-

7 3.022-

9 3.028

11 B .023-

10 EL266 .012-

13 KL266 .016-

3 £ 3.2

4 ZL266 -3.7

* UL266 -4.3

Cai.g 3 is protoeaphic.
Coi EL266 is F, leu B6, p 2 his0 cysC43, hyA.54,

uiee! 7L thi-1, ara-14, Ltc236, xy-5 mel-i, malA.8, rpsE2115,
605 si *5, riL1090 (urnA09).

2Values calculated on the basis of S-cyseeine or 3 S-eehouiue
incorporation.

3 Direct amino acid sequencing and the known DNA sequence predict
6 shcalnes pe molecule of 0.3 protein (1)o
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nr. Research undertaken between February 1, 1983 and July 31, 1983

A. Overall Objectives

1. To develop a simple, quantitative Jn viva assay for the
mistranslation-inducing activity of pollutants.

2. To determine the molecular basis for mistranslation resulting in the
incorporation of cysteine into a protein which normally contains no
eystaine.

B. Precise objectives for the period 2/1/83 - 7/31/84

1. Production of a monoclonal antibody to the 0.3 gene product a Ise
of this antibody in development of a radioimmune precipitatio
assay.

2. Direct determination of whether eysteine substitutes only for

arginine in mistranslation during synthesis of 0.3 protein.

C. Abstract

Ve have, in experiments directed toward the first overall
objective, established the natural level of cysteine misincorporation
into the bacteriophage T7 encoded 0.3 protein. We have also shown that
this level can be increased by altering the environment of the
translation machinery. This can be accomplished either by growing cells
in the presence of sistranslation-inducing antibiotics or by introducing
mutations which cause defective ribosomal proteins into the cells being
studied (see attached preprint). The above results were obtained using
purified 0.3 protein.* Additional experiments directed toward the first
objective have led to a second procedure for quantitating cysteine
misincorporation into 0.3 protein. A radioimune precipitation (RIP)
assay was developed which used polycloal antibodies to 0.3 protein,

SDS-polyacrylamide gel electrophoresis (3DB-PAGE), and scanning
densitometry. We are currently preparing monoclonal antibody to 0.3
protein to obviate the need for 3DB-PAGE and scanning densitometry.
Eperiments directed toward the second overall objective have provided
interesting preliminary results. Trypsinization of cysteine-labeled 0.3
protein and analysis of fragments by 3DB-PAGE have shown that new
peptide fragments are produced. This indicates that cysteine is
substituting for arginine. Cleavage of oysteaine-labelod 0.3 protein
with CUr and analysis of the peptide fragments by gel filtration,
however, results in 3-4 labeled fractions which should not occur if
eysteine were substituting only for arginine. This Indicates that
oytelne substitutes for at least one other amino acid besides arginine.
These results will be confirmed and refined by HPLC (high performance
liquid chromatography).

D. Details of experiments completed between 2/1/83 and V/31/83

1. Pr qwess in preparation of monoolonal antibody to the 0.3 protein

Ve have twice constructed hybridomas which produce the desired
astibody but on both ocasions the positive clones did not survive

7
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continued serial passage. Problems of fungal contamination were
also encountered. We are now into our second month of the third
preparation, have no signs of fungal contamination, and we have
several positive hybridomas. If these clones prove to be stable and
we are successful in preparing pure monoclonal 0.3 protein
antibody-producing clones, we will use this antibody in the RIP
assay which we previously developed using polyclonal antibody. We
anicipate that the pure antibody will precipitate only 0.3 protein
( 3-cysteine labeled) allowing quantitation of cysteine
incorporation by simple scintillation counting of the Immune
precipitate.

2. Experiments to determine whether cysteine substitutes only for
arginine during 0.3 protein synthesis under normal (non-drug,
non-pollutant) conditions

3Two types of experiments have been performed - trypsinization
3 S-ysteine-labeled 0.3 protein and chemical cleavage of

g--ysteine-labeled 0.3 protein with CNBr. The 0.3 protein
fragments were analyzed by SDS-PAGE (20$ acrylamide) and by gel
filtration (Sephadex G-50, Sephadex G-25, Bio-gel P6 and Bio-gel
P4).

Analysis of 0.3 protein fragments by SDS-PAGE has been
unsatisfactory because of lack of resolution of the lower MW peptide

fragments. A smear is seen instead of discrete hands. We have been
using the Laemli 'Tris discontinuous buffer systm* with 20%
arylamide. A continuous sodium phosphate buffer system haE been
found to give somewhat better resolution of bands but the 0.3
peptide fragments migrate to different positions relative to the MW
standards using this buffer system. Results of an experiment in
which 0.3 protein was trypsinized and peptide fragments separated by
SDS-PAGE using the sodium phosphate b gfer system are wn in
figure 1. The major peptide band of cys-, C-, and S
met-labelled 0.3 proteins has an apparent MW slightly larger than

6000. Since the largest complete cleavage peptide should contain T7
amino acids, equivalent to a MW of 1700, this band is probably a
partial cleavag peptide. I can be seen however, that whereas the
major bands of S met- and |1C-labelled n.3 protein have identical
mobilities, that of 5S cys-labelled 0.3 protein is slightly faster.
The bands marked RAO, 'BO, and OCR are 47 amino acid, 32 amino acid,
and 19 amino acid complete tryptic digestion products of 0.3

protein. There is no methionine in the 32 amino-acid fr=agmt, and
therefore this band does not show up in the lane oontainingS
mt-labeled 0.3 protein. The 19 amino-aoid peptide (which contains
methionine) can be seen on the original autoradiogram but is not
aily seen on the photographic reproduction shown in Figure I.
Interestingly, there is no cysteine in the 32 amino acid peptide,
whereas oysteine is found in the 19 amino acid peptide and in a
maller MW peptide.

There are six amino acids for which oysteine could possibly
mwbatitute by misreading of a single base in the codon: arginine,
tyrosine, tryptophan, serine, phenylalanine, and glycine. From the
trypsinization experiments we can deduce the following: We can

tentatively say that cysteine substitutes for arginine because a

L



band with a different MW is seen only when 0.3 1qrotein is labelled
!th oysteine. Relative to the major band of C- and

S-met-labelled 0.3 protein, this band has an increased mobility
(decreased size) whereas if an arginine site were no longer
available for cleavage by trypsin because of cysteine substitution

for arginine the cysteine-containing tryptic peptide should have an
lporeased size. However, the possibility remains that this major

'S-oys-labeled band is the higher MW band predicted to be formed by
lack of an arginine site N-terminal to the 47 LA peptide (band A).
2) The 32 amino acid peptide contains no cysteine (a result
confirmed by gel filtration) and therefore cysteine is probably not
substituting for tyrosine or tryptophan. (These are the only two
amino acids of the possible six for which cysteine could
substitute.) 3) Cysteine is found in the 19 amino acid peptide
(determined by gel filtration) and therefore it appears that
oysteine does substitute for serine and/or phenylalanine.

When cysteine-labelled 0.3 protein was cleaved with CNBr and

fragments examined by gel filtration, similar results were observed.
.igure 2 shows a typica hexperiment. 0.3 protein labeled with

N-isoleucine or with S-o yateine were mixed, cleaved with CNBr,
and analyzed on Sephadex G-50. If cysteine were substituting only
for arginine, as suggested by Edelaann and Gallant (Cell,
JI:131-137, 1977) there should be peaks corresponding only to the 45
and 22 amino acid peptides (the only CNBr fragments which contaiu
arginine), and any peptides resulting from partial digestion which
contain one or both of these fragments. Peaks B, C, D and F contain
peptides produced by partial digestion. Also seen are the 45 amino
acid peptide (peak E) and the 22 amino acid peptide (peak G). Three
additional peaks are however present (H, I, and J) and these
correspond to peptides which do not contain arginine. Of the 6
amino acids for which cystsine could most likely substitute, these
fragments instead contain tyrosine, phenylalanine, and serine;
serine, glycine, and phenylalanine; and serine, respectively. Very
similar peak profiles were obtained when peptide fragments were
analyzed by Sephadex 0-25, and Bio-gel P6 or P4. Our experiments to
date therefore suggest that in mistranslation of the T7 0.3 protein,
oysteine can at least substitute for arginine, and probably also for
serine. Substitutions for other amino acids are, of course, still
possible. Improved separation and identification ofpeptide
fragments of 0.3 protein is needed before the precise substitution
pattern can be obtained. We therefore plan to use high pressure
liquid chromatography (HPLC) to better separate peptide fragments.
In addition, we plan to include the use of reagents to cleave the
0.3 protein at other residues to confirm our present results.

q[
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CLONING USING BACTERIOPHAGE SPP1v AS THE VECTQR:
VECTOR DEVELOPMENT, STABILITY AND EXPRESSION1

Aline I. Desmyter
Jacqueline B. Rice

John N. Reeve

Department of Microbiology
Ohio State University
Columbus, Ohio 43210

I. INTRODUCTION

Bacteriophage SPP1v is a derivative of the virulent
phage SPP1 developed as a cloning vector (Heilmann and
Reeve, 1982). Cloning is accomplished by insertion of DNA
into the single BamHl site of the vector. Digestion of
SPP1v vector DNA'-by BamHl reduceosthe frequency of

A transfection of competent cells of Bacillus subtilis by
approximately 1,000-fold. Cloning of restriction fragments
generated by the enzymes BgIII or BclI into the BamH1 site
of SPP1v creates recombinant molecuieis which, if th-e cloned
DNA fragment does not itself contain an internal BamHl site,
are not inactivated in transfection by exposure to BamH1.
This provides a mechanism to selectively isolate recombinant
phage from a ligation mixture; exposure of the ligation
mixture to BamHi, following ligation and before
transfection, prevents transfection by reconstituted SPP1v

1This research was supported by National Science
Foundation Grant PCM 7912019 and contract 81-0087
from the Air Force Office of Scientific Research.
J.N.R. is the recipient of Research Career
Development Award AGO0108 from the National
Institutes of Health.
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vector phage. Cloning in SPP1v does not require expression
of cloned DNA in Infected B. subtilis cells nor does it
require any homology between, cloned DNA sequences and the B.

KI'\ subtilis chromosome. SPPV'is," in these respects, directly
comparable to cloning in E. coil using a virulent X-based
vector and, as with x, it is also possible to use plaque-

s hybridization procedure"to directly identify recombinant
A phage carrying desired'sequences. Plaque hybridization is

particularly useful as a selection mechanism if BamH1
treatment of the ligation mixture is inappropriate, e.q. if
Bamil fragments themselves are to be cloned. Plaque
hybridization was used, for example, to identify recombinant
phage in which plasmid pUBilO had been cloned in SPP1v by
ligation of BamH1 digested SPP1v to BamH1 digested pUBI10
(HIfilmann and Reeve, 1982). In this report, we describe
construction of a derivative of SPP1v with increased cloning
capacity, some unusual recombinants 'obtained in cloning
using SPP1v and infection of minicells of B. subtilis to
analyze the expression of SPP1v recombinant phages.

IL0 CONSTRUCTION OF SPPlvm

SPP1v was constructed by in vitro insertion of a unique
BamHi site into a viable deletion mutant, AX, of SPP1
(HIeilmann and Reeve, 1982). The BamH1 site was placed
within a region of the SPPI genome known to be nonessential
for phage growth, directly adjacent to the region of the

J genome deleted by AX. A novel deletion mutant of SPP1, AM,
was recently isolated in the laboratory of T. A. Trautner
and generously provided to us for use in SPP1 vector
constructions. This deletion removes approximately 1 Kbp of

?(6 DNA and, in <o doing, deletes the thirteenth smallest EcoRI
fragment of SPP1 and fuses the etath and tenth smallest
EcoRI fragments (Figure 1). We have introduced AM into
3W1v to create SPP1vm. DNA from SPP1AM was digested with
BglI and ligated to the smallest BglI fragment of SPP1v
prepared by extraction from an agarose gel following BglI
digestion of SPP1v. This Bgl I fragment of SPP1v contains
the Bamil cloning site of SPP1v (indicated by the large

- arroWhead in Figure 1) and AX. The presence of AX in an
SPP1 genome results in a distinctive plaque morphology so
that, following ligation and transfection with the mixture
of SPP1AM DNA and the BglI fragment of SPP1v, phage from
plaques with the AX morphology were isolated. The
structures of the genomes of these phage were analyzed by
agarose gel electrophoresis. The patterns of EcoRI
restriction fragments of SPP1w.t. (wild-type), SPP1AM,"WP1v

r2
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F ! I i
and SPP1vm are shown in FigurePO1. It can be seen that
SPP1vm contains boty AX (reducing the size of EcoRI fragment

X o. 1) and AM (fusing EcoRI fragments 8 and 10 and deleting
EcoRI fragment 13). The net deletion of DNA in SPP1vm is
approximately 4.1 Kbp. SPP1w.t. phage-particles normally
package approximately 1.8 Kbp of terminally redundant DNA.
There should therefore be sufficient space in SPP1vm to
allow the cloning of at least 5.9 Kbp of foreign DNA into
the BamHl site of this vector. All procedures developed for
use wth SPlv are equally applicable to SPP1vm and the
presence of AM provides a physical location marker for
orientation and measurement of molecules formed in DNA:DNA
heteroduplex experiments.

I1. DELETIONS OBSERVED IN CLONING WITH SPP1v

During the development of SPP1v and in subsequent use
of SPP1v to clone specific DNA fragments we have frequently
isolated recombinant phage which do not contain precisely
the fragment of DNA introduced into the ligation reaction.
Many recombinant phage appear to have suffered -major

-. deletions and in some cases, the vector has undergon. major
genomic reorganizations (Desmyter, Heilmann, Reeve, Morelli
and Trautner, in preparation). Similar anomalous results
have also been reported by Behrens et al. (1983) using the
cloning vehicle SPPlvic whic is very similar to SPP1v but
contains a unique Pist1cloning site rather than a BamH1

Ssite. We have undergie a series of experiments to further
investigate this phenomenon. A recombinant plasmid, pET407,

S A which consists of DNA from the methanogenic microorganism
4 Methanobrevibacter smithii and most of the sequences of
X plasmid PFR322 (Hamilton and Reeve, 1983) was used as the

C' . ^ test substrate for cloning into SPP1v.' The location and
origin of DNA in recombinant phage, which had originally __

Xt been part of pET407, were determined by rese-riction enzyme
'0\fnalyses and by Southern blot analyses. Radioactive probes

specific for either the methanogen or pBR322 derived DNA
sequences were used. Results from one series of experiments
are shown in Figure 2. SPP1v and pET407 were digested with
BamH1, ligated together, and following transfection phage
were isa ated from plaques which gave a positive signal
using TP-labeled pET407 as the probe in a plaque
hybridization screen. Recombinants were not found which
contained the complete sequence of pET407. Analyses
identified phage in which deletions had occurred either in
the vector and/or in the pET407 sequences. In some cases
more than one phage was present in the preparation and by
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repeated plaque purification it was possible to show that a
larger recombinant phage was continuously giving rise to a
smaller phage by deletion. An example is shown in Figure 2

which phage SPET21 was routinely produced by growth of
' ET2 in B. subtilis. Many phage were Isolated which, even

though they gave an initial positive reaction to the pET407
hybridization probe, were subsequently found to be identical
to SPP1v (not shown in Figure 2). Construction of SPPlv
created a situation in which cloned fragments are flanked by
a directly repeated DNA sequence at least 10 base pairs in
length (Heilmann and Reeve, 1982). Excision of cloned
fragments may be occurring by recombination at the BamH1
sites at each end of a cloned fragment facilitated by the
extensive region of homology extending from these BamH1
sites.

Experiments to date have necessarily employed
recombination proficient strains of B. subtilis because SPP1
transfection of competent cells requires Rec + cells
(Trautner and Spatz, 1973). Experiments are currently in

S progress to determine if the frequency of delftion e* .
occurrence is less using transfection of either Rec or Rec"
protoplasts. Unfortunately SPPI does not form plaques on
lawns of B. subtilis grown on the standard medium used for
protoplast regeneration and this technical problem must
first be resolved. The results typified by the
SPET2-SPET21 observations (Figure 2) do demonstrate,
however, that not all of the deletions observed following
transfection of competent cells are directly attributable to
the processing that DNA undergoes during transfection. As
previously observed for plasmid based recombinant molecules
In B. subtilis (Kreft et al., 1982), there also appear to be

K" preferred sites for deTetion events to occur in)l-based ,-
recombinant molecules during their replication in B.
subtilis cells.

IV. CLONING THE 0.3 GENE OF COLIPHAGE T7 IN SPP1v

We are currently investigating the fidelity of
synthesis of the product of the 0.3 gene of coliphage T7 in
infected cells of E.. g by determining the frequency of
misincorporation of S-cysteine into this protein which
normally does not contain cysteine residues (Rice, Libby and
Reeve, manuscript submitted for publication). To extend
this work to the fidelity of 0.3 protein synthesis in B.
subtilis it was necessary to clone the 0.3 gene in S$Plv.
Several previous attempts to clone the intact early region
of T7, either in E. coi] (Studier and Rosenberg, 1981) or B.

4



subtilis (Scherzlnger et al., 1980), were unsuccessful. We
were also unable to clone the complete early region of the
T7 genome into SPP1v (H. Keilmann, A. Desmyter and J. Reeve,
unRb VIished results). We therefore cloned the 0.3 gene into
SPP1v starting from the plasmid, pAR324 (provided by F.W.
Studier (Studier and Rosenberg, 1981)), which consists of
the 0.3 gene cloned in the BamHi site of pBR322. BamHl
digested SPP1v was ligated to the fragment of DNA containing
the 0.3 gene isolated by agarose gel electrophore s from a
BamHl digest of pAR324. Following transfection, P-labeled
pAR324 DNA was used as a hybridization probe to identify
plaques containing SPPIv::0.3 recombinant phage. Phage were
obtained with the T7 0.3 gene sequence in either
orientation. Phage with the 0.3 gene in the correct
orientation for transcription starting from the SPP1
promoter 2 (Stilber et al., 1981) (opposite to the normal
orientation for T7 transcription) were designated
SPPlv::0.3+ and those with the incorrect orientation for
transcription were designated SPPIv::0.3-. Figure 3 shows
the details of the 543 bp fragment of the T7 genome cloned
into SPP1v. The asymmetric Accl site was used to determine

Q-L orientation of cloning. Thitsite may, itself, be useful in
"cloning as It is located immediately following the

initiation ATG codon for the T7 0.4 gene and is preceded by
translation stop signals and an apparently good ribosome
binding sequence (Dunn and Studier, 1981). The diagram
illustrates that there are sequences preceding the 0.3 and
0.4 genes, 5 and 6 bases in length, respectively, which as
mRNAs should hybridize to the 16S rRNA of both E. coli and
B. subtills ribosomes.

V. EXPRESSION OF SPP1v RECOMBINANT PHAGESIN INFECTED
MINICELLS

Minicells of B. subtilis were infected, ith recombinant
phage and allowed to incorporate '44S-methtonlne.
Radioactively labeled polypeptides, synthesized in infected
minicells, were analyzed by fluorography following
polyacrylamide gel electrophoresis as previously described
for analysis of SPP1 gene products (Mertens et al., 1979).
We are unable to detect differences between the polypeptides
s nthesized in SPPlv recombinant phages. There are SPPL-
ecoded polypeptides which migrate, during electrophoresis,
to approximately the same location as the 0.3 protein (see
Figure 4). We have therefore used rabbit anti-0.3 antiserum
in attempts to precipitate radioactively labeled 0.3 protein
from SPPlv::0.3+ infected minicells to ensure that co-
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migration of polypeptides was not preventing detection of
0.3 protein synthesis. The antiserum did not precipitate
radioactively labeled 0.3 protein confirming that this
protein is not synthesized in detectable amounts in
SPPlv::0.3+ minicells of B. subtilis. Minicells infe ted

v L SOq\I with SPPlv::0.3+ were allowed to incorporate 5,6[ H]-
uridlnetb label mRNA. The labeled mRNA was used in RNA:DNA
filter binding hybridization experiments. As shown in Table
1, very few, if any, transcripts of the 0.3 gene were
present in the RNA preparation. It must therefore be
concluded that the cloned 0.3 gene is not efficiently
transcribed in infected minicells even though the gene is
cloned in a region of the SPP1 genome which is heavily
transcribed in SPP1 infected cells (Stdber et al., 1981) and
which was previously shown to be expressed in infected

\ minicel's (Mertens et al., 1979).. We are currently
A determining whether the 0 gene is expressed in SPPIv::0.3+

infected nucleated cells of B. subtilis.

VI. CONCLUSIONS

SPP1v and SPP1vm can be used to clone and amplify
specific fragments of DNA in B. subtilis without the need
for gene expression. As with plasmid cloning in B.
subtilis there are frequent problems of instability of
recombinant genomes when SPP1v is used as the vector, but as
shown by the cloning of the T7 0.3 gene, it is also not
difficult to obtain desired recombinants. SPPlv, SPP1vm and
SPPlvic (Behrens et al., 1983) are virulent phages and as
such are not ideal for use as expression systems. Phage
infection of minicells may be used to investigate encoded
mRNAs and polypeptides (Reeve,. 1979). There are, however,
significant differences between SPP1 expression In nucleated
cells and in minicells (Mertens et al., 1979) and there are
most probably major differences in the quantitative
expression of genes cloned In SPP1 vectors in infected cells
and in infected minicells. The methyl transferase gene
cloned by Behrens et al. (1983) in SPPlvic is clearly
functionally expressed rn infected B. subtTts cells but
there is no discernible difference between the polypeptides
synthesized in minicells infected by the vector, SPPlvic.
and the polypeptides synthesized in minicells infected by
the SPPlvic-methyl transferase encoding recombinant (J.
Reeve and-T. Trautner, 1983; unpublished results). Phage
infection does offer the opportunity of introducing
recombinant D NA molecules into B. subtilis cells without the
need for either competent cells or protoplasts. Infection
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can therefore be used to study immediate effects of cloned
genes on actively growing, physiologically normal cells.
Incorporation of appropriate mutations into the viral vector.
genome should create a situation in which viral genes are
not expressed and infected cells are therefore not
Immediately killed.

All phage described in this report have been deposited
in the Bacillus Genetics Stock Center for general
distributiion.
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Figure 1. Construction of SPPlvm. The EcoRI
restriction map of SPP1w.t. is shown above theT1.1
restriction map of SPP1v. The location of AX and AM are
indicated. The single BamH1 site introduced into SPP1v
(Helmann and Reeve, M-2), also present in SPPlvm is
indicated by the heavy vertical arrowhead. The right of the
figure shows agarose gel electrophoretic separations of the
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) EcoRI restriction fragments (with numerical desigantions to
the left of the gel) produced by digestion of the genomic
DNAs of the phage listed above each track.

Figure 2. Physical structure of the DNA of recombinant
phage obtained in cloning pET4O7 in SPPlv. The top line in

t the diagram depects pET407 linearized by BamH1 digestion.
,- The broken line is M. smithii DNA and the solid line pBR 322

x.. e. DNA (Hamilton and Reeve, 198,3). A restriction map of the
DNA adjacentto the BamHl site in SPP1v, also cleaved at the
BamH1 site, is shown cirectly below the pET407 map. The
physical structure of a series of recombinant phage,
designated SPETI, S4E72, etc. obtained in ai. attempt to clone
pET407 into SPP1v are shown-below SPP1v. 'Deleted areas of
the vector are indicated by large dots and deleted areas of
pET407 by small dots. SPET21 arose .spontaneously during
growth of SPET2 in B. subtilis MCB. SPET5 contains a small
but undefined fragment of pBR322 D NA as shown by Southern
blotting. Sites for the enzymes EcoRI, BamH1, Avail,
HindIII and BlI are indicated by the symbos E7, H, and A,

t\ respectively. There are no differences in th~e regions of
the genomes of the phages which are not shown in the Figure.

Figure 3. Structure of the T7 D NA, containing the T7
0.3 gene, cloned in SPP1v. Plasmid pAR324 (Studier and
Rosenberg, 1981) consists of pBR322 plus the fragment of T7
DNA shown in the diagram. The T7 fragment was cloned in the
BamH1 restriction site of pBR322 using BamH1 linkers.
flijires below the DNA fragment are the location of that

XO r  particular base-par in the T7 genome designating the
\ extreme left end of T7 aid 0. All details of T7 in the

-~figure a~re based on the' results presented by Dunn and
Studier (1981).

Figure 4. Autoradiogram of the electrophoretic
separation of radioactively labeled polypeptides synthesized
In minicells. Minicells were infected by different
recombinant pha4%e, indicated above the tracks, and allowed

rvh' e to incorporate S-metnionine. Radioactively labeled poly-
peptides were separated by electrophoresis through a 10 to .,- -
20% polyacrylamide gel which was dr~gd and used in__-, '
fluorography (Reeve, 1979). Purified, "S-labeled poly- "'\ -
peptides synthesized in E. coli minicells containing pBR322
and pET405 were run as standards. E. coli minicells
containing pBR322 and pET405 synthesize F-lactamase and E.
colt minicells containing pET405 also synthesize two M.
smtji polypeptides of molecular weights 53,000 and 37,000

4 f{lamiton and Reeve, 1983). The D NA encoding the 37,000
polypeptide is present in SPET2 but this polypeptide does

eI
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not appear to be synthesized in SPET2 infected minicells of
B. subtilis.
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Table 1. Hybridization of 3 H-RNA Synthesized in SPPlv::0.3+
Infected Minicells to Filter-Bound DNAa

DNA on filter 3H-RNA hybridized % of input
(5 Pg DNA/filter) (c.p.m. radioactivity bound

209 1.4
SPP1v 6454 44.2
pAR324 217 1.5
pBR322 192 1.3

aMinicells (4 x 1010) from B. subtilis CU403 thyA thyB
metB. divIVB1 (Reeve et al 1973) were infected (input
m.-.ul) with SPPlv::O.T+ as described by Mertens et al.

- (1979. The infected minicells wre allowed to incorporate
A [5,6- H]-uridine (150 uCi/ml; 47 Ci/mmole; Amersham Corp.,

k- IL, 60005) for 30 minutes at 37*C. Radioactively labeled
RNA was prepared and DNA:RNA hybridization carried out
exactly as described by Miller (1972).

The fragment of T7 DNA cloned in SPPlv::0.3+ is
approximately 1% of the total size of this genome. Assuming
that all the genome were transcribed equally, transcription
of the 0.3 sequence 5houl g have been clearly detectable by

JPXL comparing the amoutn of '1H-R N A bound to pBR322 with the
amount bound to pAR324. These plasmids differ only by the
presence of the fragment of T7 D NA in pAR324 (see Figure 3
and Studier and Rosenberg, (1981)).
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R~nniag title u itranalation of 0.3 Protein



We have devised an experimental system using the T7 phage 0.3 protein to

accurately quantitate in 11Mo errors in translation. The 0.3 protein is

Well-suited for m1stranslation studies because it is easy to purify, its entire

amino acid and RNA sequences are known, and it contains no cysteine. Utilizing

35s-oysteine as precursor we found an average of 1 cysteine Misincorporated for

every 43.5 molecules of 0.3 protein synthesized. Since there are 116 amino

acids in 0.3 protein, one cysteine residue was 'Msincorporated per 5000 codons

translated. If all 20 amino acids were misincorporated at the same frequency,

the general mistranslation level for 0.3 protein would be 4 x 10- 3 per codon.

Parallel 3 5 3-methionine incorporation experiments supported the accuracy of our

findings for cysteine misinoorporation. We found an average of 5.7 methionine

residues incorporated per molecule of 0.3 protein synthesized, while the actual

nmber from sequence data is known to be 6. Antibiotics which stimulate

misreading (gentamicin and streptomycin) caused an increase in the number of

cysteine residues M1sincorporated into 0.3 protein but the increase was modest.

The us. of isogeneic . 92 strains, identical except for mutations in

ribosomal protein genes known to affect fidelity of translation, supported the

asumption that our system quantitates mistranslation rather than

istranscription.
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Errors produced by a complex mechanism are necessarily characteristic of

Its normal modes of functioning. Thus, information about the translational

process could be gained by studying errors in translation. Reports of the

frequency of mistranslation Jn wixe in eukaryotic and procaryotic cels have

been in the range of one error per 103-104 correct amino acid insertions (1-9).

Tests to measure the accuracy of protein synthesis In Jim are difficult to

devise because the frequencies of mistranscription and mitranslation in x±lv

are very low and the protein or peptide of interest must be first separated from

the total proteins and then accurately quantitated. Incorporation of an

incorrect amino acid into a polypeptide has been detected by three different

techniques. The first method is based on a charge difference between the

correct and incorrect amino acid. Incorporation of the incorrect amino acid

causes a change in the isoelectric point of the polypeptide which can be

detected by two-dimensional gel electrophoresis (10). Only amino acid

substitutions resulting in a peptide charge difference can be detected by this

technique and it is usually not sensitive enough to detect the low levels of

aistranslation in normally growing cells (11). M1stranslation can also be

detected in nonuppreasing YL. Z211 strains as synthesis of full length

polypeptides encoded by genes which carry a nonsense mutation. MListranslation

of nonsense mutations has been detected by assaying functional A -galactosidase

(7) and alkaline phosphatase (7, 12). The disadvantage of this technique is

that only substitutions of amino acids which lead to an active protein will be

detected and some amino acid substitutions may result in activities which are

less than wild-type. The third method can be used when a technique is available

to quantitatively purify a protein or peptide which is known not to contain a

particular amino acid. Edelmann and Gallant (4) measured the misincorporation

of 3 5 3-oysteine in non-cysteine-containing flagellin of a. UL±. Purification

I I |



of labeled flagellin was facilitated by the extra-cellular location of this

protein. Our experimental system has made use of the relatively easy

purification of L. €li T7 phage 0.3 protein (13) and the fact that it also

contains no cysteine (14). We have found misincorporation of cysteine into 0.3

protein to be 40 times higher than that observed for E. aoli flagellin (4) but

similar to the level of lysine for asparagine substitution in MS2 phage coat

protein (determined by 2-dimensional electrophoresis) (15) and the

mistranslation level of an L. a= ochre mutation of alkaline phosphatase (7).

4

f(

J

k



7

Zau and karia - The sources and description of Z. =1i strains used in

this study are shown in Table 1. The mutations in bacteriophage TT, AH 3, 1am

193,, LG3, are described by Studier et al., (16). Z. a= cells infected with

T7 AR3, lamA'3,LA3 synthesize large amounts of the T7 0.3 protein and virtually

no other T7 protein (13). T7 AH3, la 193, ALG3 was grown in EL BBw/t.

Phage were purified by ultracentrifugation in a CsC1 step gradient and titrated

on 1. a= BB/t. . S21t strains were constructed by transduction using Plixr

according to the procedure of Miller (17).

Medta and AnUhl±ta - Immediately before use L. oo=t cells were grown in

LB complete medium. M9 minimal medium without sulfate supplemented with 1.0 pK

thisine/ul and 1 pM MgC1 2 was used for all experiments. This medium was

supplemented with 100 pg thymine/ul for experiments employing E,. L [U266.

Gentamicin sulfate and neomycin sulfate were obtained from Sigma Chemical

Company and streptomycin sulfate from Eli Lilly and Company.

Pr~dugJWnC Ao iA2M - New Zealand white rabbits were immunized

intramuscularly with 0.3 protein (500 pg in complete Freund's adjuvant) and 9

weeks later were boosted intradermally with 500 pg 0.3 protein in incomplete

Freund's adjuvant. The animals were bled 2-i weeks later. The rabbit antiserum

was shown to be specific for the 0.3 protein in radioimmune precipitation (RIP)

experiments in which T7 CRIOb, an amber mutant in gene 0.3 (18), was used to

infect, in the presence of 3-methionine, either L Z21 BBw/t (Su) or L. a

B (Su°). SDS-PAGIE and autoradiographic analyses of the imune precipitate

showed a heavy band in the 0.3 protein position only when J.. a=L strain BB w/t

I$
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was used (data not shown).

ZadLgjImM Precipitation (RI and L DodeI Slfat Polvarlamide

fal ElentroDhoresis (SDS-PAGE) - Z. DD. cells growing exponentially in complete

LB medium were washed with M9 medium and resuspended to 2 x 109 cells/mI in M9

medium containing 10% (v/v) methionine assay medium or cysteine assay medium

(Difoo). Cells (0.2 ml of suspension in Eppendorf tubes) were infected with T7

phage at an input m.o.i. of 5. For experiments shown in figure 1, minicells

were prepared from L. l1 RL002 and infected with T7 as previously described

(19, 20). 35 S-methionine or 35 S-cysteine was added at 50 pCi/ml. Cells were

incubated at 370C for 30 min, 10 jul of 20 mM NaN3 was added and the tubes

centrifuged for 2 min in an Eppendorf model 5412 centrifuge. The cells were

resuspended in 10 p1 50 mM Tris HC1, pH 8, 10 .1 Na3 EDTA, and 4% (v/v) glycerol

containing 10 pg lysozyme. Following incubation at 370C for 15 sin, the cell

suspensions were frozen and thawed 5 times. DNaseA (10 pg) and MgS04 (10 ,A of

1.0 M) were added and the mixture incubated for 15 min at 370C. NET buffer (200

pl of 150 mM NaCl, 5 .m EDTA, 50 .M Tris, 0.2% (wlv) NaN3 , 0.05% (v/v) NP4O,

0.1% (w/v) bovine serum albumin, pH 7.4) was added and the tubes centrifuged for

2 min.. The supernatant (100 p1 aliquots) was transferred to 2 tubes.

Antiserum (10 )1) was added to one tube and serum from a non-immunized rabbit

(10 pl) was added to the other tube. The mixtures were incubated overnight at

40C. Protein A Sepharose CL-4B (100 mg in 100 p1 NET buffer (Pharmacia)) was

added to each tube and incubation at 40C continued for 1 h. The tubes were

centrifuged for 3 sin in the Eppendorf centrifuge and the resulting pellet (
washed 5 times with NET buffer. SDS-PAGE sample buffer (stacking gel buffer

containing 3% SDS, 5% 2-muraptoetthanol and 10% glycerol) (0.1 ml) was added to

the washed pellets, the mixtures boiled for 3 min and then centrifuged for 3 sin

at room tmperature. Polypeptides in aliquots of the supernatants were
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separated by electrophoresis through 10-20% gradient SDS-PAGE slab gels and

radioactively labeled polypeptides were detected by fluorography as previously

described (21).

DLI Protein f - A modification of the published procedure (13)

was used. Exponentially growing . g221 cells in 4L LB complete medium were

infected with a lysate of T7 AH3, am193, . LG3 at an input m.o.i. of 2-3. The

infected cells were shaken for 60 min at 370 C.. Cells were centrifuged at 7600 x

a for 15 min at 40C and resuspended in 20 al 50 aM Tris-HCl, pH 8,containing 10

.m Na3 EDTA, 4% glycerol and 40 pg lysozyme. Cell lysis resulted from 5 cycles

of freezing and thawing the cell suspension. DNaseA (300 ug) and 300 )a 1 M

Ng80 1 were added, the mixture shaken for 30 min at 32 0 C, adjusted to 0.3 M NH4Cl

and centrifuged at 17,000 x g at 40C for 15 min. The supernatant fraction was

centrifuged at 123,000 g at 40 for 1 h and this supernatant was passed through a

10 al DEAE-cellulose column (in a 50 ml disposable syringe), equilibrated with

0.3 M NH4CI, 20 mM Tris HC1, pN 8, and 4% (v/v) glycerol. The column was washed

with 150 al of this buffer and proteins bound to the column were eluted with a

100 al gradient of 0.3 M to I M MEC1 in 20 a. Tr1s HCl, pH 8, 4% glycerol.

Five al fractions were collected and tested for 0.3 protein by 2-dimensional

imunodiffusion using rabbit anti-0.3 antiserum. Fractions containing 0.3

protein were pooled and the proteins precipitated by addition of an equal voluma

of old 10% (w/v) triohloracetic acid (TCk). Following centrifugation (15 min

at 40C at 17,000 x g), the resulting pellet was dissolved in 0.3 M Tris HC1, pH

8.8, to give a solution of approximately 10 Ug protein/al. Four volumes of 95%

ethanol were added and after 30 min On ice, the solution was centrifuged for 15

min at 4°C at 17,000 x g. The 0.3 protein is soluble in ethanol (13) and

therefore reained in the supernatant. 0.3 protein was precipitated from the

supernatant by addition of an equal volume of cold 10% (w/v) TCA, incubation for

'I
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at least one hour on ice and centrifugation at 17,000 x g for 15 min. The

pellet of 0.3 protein was dissolved in a small volume (A 2 ml) of 0.3 M Tris

RC1, pH 8.8, and tested for purity by eleotrophoresis through polyacrylamide

gradient gels (21), and stained for proteins using the sensitive silver-based

technique (22). Protein in solution was quantitated using a Bio-Rad Protein

Assay kit and Bio-Rad bovine plasma albumin as a standard.

CyZ3 aiM And Math.gLiAi Incorporation E xprlmn - Exponentially-growing

L. Sol± cells in LB complete medium were washed twice with M9 medium and

resuspended in 50 ml M9 medium at 2 x 109 cells/ml. CsCl-purified T7 A H3, 1 am

193, & LG 3 was added at an .o.i. of 2-3. For cysteine incorporation the 50 Ml

M9 minimal medium supplemented with 10% (v/v) Cysteine Assay Medium (Difco) also

contained 353-cysteine (New England Nuclear Corp.) at 10 )iCi/ml, unlabeled

oysteine at 200 pM, and unlabeled methionine at 0.1 mg/ml (670 pM). For

methionine incorporation experiments the 50 al M9 minimal medium supplemented

with 10% (v/v) methionine assay medium (Difoo) also contained 3 5 S-methionine

(New England Nuclear Corp.) at 10 jaCi/ml and unlabeled methionine and cysteine

both at.200 ju. Radioactively-labeled 0.3 protein was purified as described

above using smaller mounts of reagents (usually 1/10 as much).

3=a La= Chrz u nU - ivrified 0.3 protein, synthesized in the

presence of 3 5 S-Oysteine was hydrolyzed in 6N HC1 at 110 0 C for 22 h using a

sealed hydrolysis chamber. BC1 was evaporated under vacuum and the hydrolysate

resuspended in water. Unlabeled cysteine (12 ug) and methionine (15 ug) were

added as mrkers and the mixture spotted on an Eastman cellulose chromarnm

sheet (Eastman Kodak Company). Vertical thin layer chromatography was

accomplished using N-propanol: 34% 1K14OH (7:3 ratio) as the solvent. Cysteine

and mthionine were located by ninhydrin staining. The chromagrom sheet was

ti
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used in autoradiography to locate 3 5 S-Oysteine and 3 5 S-methionine. Locations of

these compounds were compared to the ninhydrin determined locations of the

non-radioactive cyateine and methionine.

iI
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Tha k System- We chose the TT 0.3 protein (an anti-restriction

protein) (18) as a tool for our mistranslation studies because it is produced

id abundance after infection of . =oL with appropriate TT mutants (13);

infection acts as a zero time for synthesis and therefore all of the test

protein is made during the labeling period; 0.3 protein is easily purified (13);

the amino acid and RNA sequences are known (14), and it contains no cysteine

residues. Figure 1 shows that there are, in fact, three T7 proteins which do

not contain cysteine, namely the products of the early 0.3 gene and the late

genes 9 and 16. The latter two are, however, made in much smaller amounts than

the 0.3 protein.

In order to quantitate the incorporation of cysteine residues into 0.3

protein, it was necessary to know the specific activity of cysteine used by the

cell in protein synthesis. To prevent dilution of the 35 3-cysteine by

endogenously synthesized cysteine, unlabeled cysteine was added at a known,

saturating level (23). Excess unlabeled methionine was also provided to prevent

cysteine conversion into methionine (24). The cysteine assay medium provided

all the other amino acids and this prevented cysteine catabolism to pyruvate

(23). Dilution experiments showed that the minimum saturating level for both

oysteine and methionine utilization in L. gIL B was 200 pH. An increase in

cyateine or methionine concentration above this level did not result in any

additional oysteine or methionine incorporation into proteins (data not shown).

T7 infected cells were allowed to incorporate 3 5 3-cysteine or

353-methionine. They were then lysed and 0.3 protein was purified in 2 steps:

DEAN cellulose anion exchange chromatography and extraction of the eluate with

95% ethanol (see Experimental Procedures). Figure 2 is a photograph of a

silver-stained SDS-PAGE gel showing the purity of the 0.3 protein following the

ethanol extraction step.

4,
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To calculate the number of cysteine (or methionine) residues incorporated

per molecule of 0.3 protein synthesized, it was necessary to determine the

specific activity of the purified 0.3 protein and of the 35 S-Cysteine (or

35S-methionine) precursor provided. The latter value was determined by

scintillation counting of a known aliquot of the 35 S-Cysteine (or
3 5 S-ethionine) preparation and dividing the number of molecules of cysteine (or

methionine) added to the reaction medium by DPM added to the same medium. The

specific activity of 0.3 protein was determined by counting an aliquot of the

purified protein and dividing DPM by the number of molecules in the aliquot (1

mg a5.4755 x 1016 molecules). The molecules of cysteine (or methionine)

incorporated per molecule 0.3 protein was calculated as shown in the legend to

table 2.

Istranalation g . nrotein - Results of cysteine Misincorporation

experiments are shown in Table 2. The range of values in 6 experiments using Z.

a=QU B was 0.021 to 0.024 cysteine residues misincorporated per molecule 0.3

protein synthesized and the mean ± S.D. was 0.023 & 0.001, or 23 oysteine

residues misinoorporated per 1000 molecules of 0.3 protein synthesized. Since

there are 116 amino acids in 0.3 protein (14), one cysteine residue was

misincorporated per 5 x 103 codons translated in L. F.gU B. If all 20 amino

acids were misincorporated at the same frequency as that of cysteine, there

would be an average of one misincorporated amino acid per 250 oodons translated

or an error frequency of 4 x 10- 3 per codon. This is a mistranslation level

approximately 40-fold higher than was reported for the misincorporation of
-6

oysteine into & gCU flagellin (4). Evidence supporting our value for cysteine

misinoorporation into 0.3 protein corns from parallel methionine incorporation

experiments. Using aliquots of the same L, raiL and phage preparations and

identical purification and calculation procedures we determined that 5.7
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molecules of methionine were incorporated per molecule of 0.3 protein

synthesized in T7 infected ,. goli B (Table 2). The actual number is known from

sequence data to be 6 (14).

35S-ezate is = oncoerted 12 35S-methionne - Because the 0.3 protein

contains methionine, metabolic conversion of 3 5S-eysteine to 3 5 S-methionine

would result in an erroneously high calculated error level for misincorporation

of 35 3-cysteine into 0.3 protein. It was therefore necessary to ensure that the

0.3 protein contained no 3 5 3-methionine when 3 5 S-cysteine was supplied as the

precursor and that all the radioactivity in the 0.3 protein resided in cysteine

residues. Thin layer chromatography was used to demonstrate directly that 353-

remained exclusively in cysteine. The use of N-propanol: 34% ammonium hydroxide

as solvent resolved cysteine and methionine into clearly separable spots which

were located by ninhydrin staining (figure 3). Figure 3 shows that the

3 5 3-label in 3 5 8-cysteine-labeled 0.3 protein was contained only in cysteine and

not in methionine residues.

Several experiments were undertaken using an ,. ol2U strain ([1L266) which,

because of mutations, cannot interconvert cysteine and methionine. ,.,

EL266 is defective in mete (tetrahydropteroyltriglutamate methyltransferase)and

na= (adenylsulfate kinase) and cannot form methionine from cysteine (2).

Table 2 shows results of cysteine and methionine incorporation experiments using

strain [L266. The value for ethionine incorporation was similar to that

obtainio with strain B (5.0 vs. 5.7 molecules/molecule 0.3 protein). The value

for oyateine miainoorporation was, however, slightly lower than that obtained

with strain B (0.014 vs. 0.023 molecules oysteine incorporated per molecule 0.3

protein synthesized). Note that . a= [L266 carries a mutation in ribosomal

protein 312 (ZRW). Mutations in this protein have been shown to increase the

fidelity of translation (11, 25) which may account for the alight decrease in

* - 4-
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cysteine Misincorporation in T-infected 11,266 celia.

Aminaglyaoo zde-Tnduag kilja - The aminoglycoside antibiotics,

streptomycin and gentamicin, are known to promote mistakes in translation. It

would be expected that higher levels of 3 5 3-cysteine misincorporation into 0.3

protein would be observed if either of these antibiotics were present during

labeling of TT-infected cells. Experiments performed with T7-infected Z. jli B

deonstrated that increasing amounts of gentamicin caused increasing amounts of

e be
oystsineAmisincorporated (table 3). When 2.5 jg, 5.0 jug, and 10 pg gentamicin

sulfate were added per ml, cysteine misincorporation was 126%, 152% and 165%,

respectively, of that incorporated in the absence of gentamicin.

These results were confirmed in 3 5 S-cysteine misincorporation-RIP

experiments. SDS-PAGE and autoradiographic analyses of the immune precipitates

shoved Increasing 35-cysteine incorporation into 0.3 protein with increasing

amounts (10 to 410 ig/ml) of gentamicin sulfate present (figure 4). Figure 4

clearly shows that whereas overall protein synthesis decreased with increasing

gentamicin concentration, radioactivity (present in 35 3-cysteine) in the 0.3

protein increased.

We performed similar oysteine misincorporation experiments using

streptomycin. Strains of Z. MIL were constructed which were isogeneic except

for the presence or absence of specific mutations known to affect ribosomal

proteins which play a role in the fidelity of protein synthesis. RLO02 has wild

type ribosomes, RLO03 carries a mutation in rnaE which decreases fidelity in

translation (ribosomal ambiguity mutant a ram), DS10 carries a mutation of .rMlL

which increases fidelity of translation in the presence of streptomycin.

Results are shown in table 3. When strain RL002 served as host, addition of

streptomycin sulfate (10 s/al) resulted in oysteine misincorporation which was

14%4 of that seen in identical experiments without streptomycin. As expected,

OIL
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when strain DSJ410 served as host, there was no difference in mistranslation

frequency in the presence or absence Of streptomycin. When strain RL003 (ram)

served as host, in the absence of streptomycin cy-steine Misincorporation was

136% of that observed with strain RL002 (wild-type). In the presence of

streptomycin, even more cysteine was misincorporated into 0.3 protein -

Consistent with the known streptonyoin hypersensitivity Of the ramC3l 9 mutation

(25).
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DISCUSSION

The T7 0.3 protein appears to be well suited for studies of In y=

.istranslation. It is synthesized in large amounts and only after T7 infection,

is relatively easy to purify, contains no cysteine, and its precise amino acid

sequence and codon usage are known (13, 14). Using the T7 0.3 protein, we have

found the level for misincorporation of cysteine into this protein to be 0.023

residues per molecule. If other amino acids are misincorporated at a similar

rate, the overall mistranslation level for 0.3 protein in T7-infected L. oli

cells would be 4 x 10- 3 misincorporations per codon translated. This is 40

times higher than the error rate determined by Edelmann and Gallant (4) for

cysteine misincorporation into Y. g= flagellin. It is similar, however, to

the level found by Parker At Al. (15) for misincorporation of lysine for

asparagine in 1S2 phage coat protein (2 x 10- 3 ) and to the level found by

Rosenberger At Al. (7) for the misreading of a nonsense codon in L. Z211

alkaline phosphatase (2 x 10-3). It is satisfying that a similar (albeit high)

error level wad found for 3 different proteins by 3 different techniques.

Theoretically, errors in proteins synthesized in tygo could occur at the I
levels of DNA replication (mutation) and transcription, as well as translation.

Mutation is not a likely source of the error we are measuring; mutation rates

are 105-107 lover than the rate of cysteine misinoorporation into 0.3 protein

(26). Mistakes in transcription, on the other hand, probably do contribute to

the overall error rate in any experimental system which measures in vrn

mlstranslation. However, the contribution of mistransoription to experimentally

determined errors in translation is probably ainor because mistranascription

levels have been observed to be at least 10 fold lower than mistranslation

levels (26). That we are predominantly measuring translational errors was shown

by: 1) experimnts in which addition of aminoglycoside antibiotics known to

induce misreading resulted in increased amounts of cysteine misinoorporated into

1'
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0.3 protein (table 3 and figure 4) and 2) by experiments utilizing constructed

strains of L A= i3ogeneic except for mutations in ribosomal protein genes.

In each case, the error level was increased or decreased as predicted by the

known effect of the mutation on the fidelity of translation (table 3).

The frequency of translational errors in =r was found by other workers to

be increased by 4 to 50 fold by the presence of aminoglycoside antibiotics

(4,7,27,28). The absolute error level observed was similar to the level we

found for maisincorporation of cysteine into 0.3 protein in the presence of

gentamicin or streptomycin (5-7 x 10"3/codon, depending upon antibiotic

concentration (table 3)). In our experiments the cysteine misincorporation

level without antibiotics was 4 x 10" 3/codon, making the increase in errors

caused by addition of antibiotics modest (less than two-fold) even at the

highest concentration of antibiotics used (10 ug/ml). This suggests that the

decrease in fidelity caused by aminoglycosides is relative and may depend upon

the natural error level of a particular amino acid misinsertion, with the

antibiotic exerting a lesser effect in the case of a normally high error level.

The highest concentration of gentamicin and streptomycin used in these

experiments (10 pg/u1) still allowed sufficient synthesis of 0.3 protein for

purification and accurate quantitation of 35 3-cysteine misincorporation. At

gentaicin concentrations greater than 10 pg/ml we may have found higher levels

of ysteaine misincorporation as suggested by the RIP-PAGE experiment shown in

figure 4.

We do not know if other mine acids are misinoorporated into 0.3 protein at

the me rate as is ysteAine. There is evidence to suggest that there is a

hierarchy of errors which can occur on the ribosome (10,11,26,29,30). The

probability of mitranslation of a particular codon will depend not only on that

oodon (which will have oodon-anticodon interactions of varying strengths with

cognate and nonoognate tRIAa (31-34), but also on Its neighboring codons within
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the edNA being translated (35). The probability of substitution varies from

site to site within a protein and thus different proteins, as a whole, may have

different error rates. The fact that experimentally determined frequencies of

JA ive mistranslation differ by more than ten-fold must reflect at least some

of these variables. A factor which may also influence experimental results is

the stability of the error-containing protein being studied. It is known that

half-lives of polypeptides with abnormal structures are, in general, much

shorter than. the half-lives of most correctly synthesized polypeptides in

bacterial and eukaryotic cells (36-37). We have used the 0.3 protein of T7

phage to assay istranslation; therefore the relatively high error frequency we

observed may reflect the fact that degradation of abnormal proteins is known to

be inhibited in cells infected with T7 phage (38).

A major unresolved question is whether cysteine substitutes only for

arginine due to first position codon misreading as suggested by Edelaann and

Gallant (4), or whether other types of errors (2nd or 3rd position misreading)

can also occur. There are 4 arginine residues in 0.3 protein and they fall into

only two cyanogen bromide (CNBr) cleavage products. We are currently

determining which CNBr fragments of 0.3 protein contain 3 5 3-cysteine. The 0.3

gone has been cloned on a plasmid which replicates in ,. a= (0) and on a phage

which replicates in IL zubIlUs (0) so it will also be possible to determine

whether the frequency of cysteine misincorporation into 0.3 protein is different

in non-infected L. =n and in another procaryotic species, I. aIilIa.

I •
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figure 1. Msth±cine and Qvateine-oontai nnk DI (i type

bmnIarinnhnga. Minicells isolated from Z. g= 1002 (2 x 109) were infected

with T7 phage at an input m.o.i. of 5 and incubated for 30 min at 37°C in the

presence of 3 53-ethionine or 3 5 3-Cysteine. Radioactively-labeled polypeptides

were detected by fluorography after preparation for and separation by SDS-PAGE

as previously described (19, 20). Track a:353-methionine labeled T7

polypeptides; track b=35S-Cysteine labelel T7 polypeptides. T7 late

polypeptides 9 and 16 and early polypeptide 0.3 do not contain cysteine.

Figure 2. SDA-Pelvarvlamide Zg eletronhogess af pu0rified Dj rotain. T7

0.3 protein (from 3 experiments) was purified by DEAE cellulose chromatography

and ethanol extraction and examined for purity by SDS-PAGE and the silver

nitrate stain as described in Experimental Procedures. In the 3 leftmost tracks

were applied 2 pg of the proteins recovered from the ethanol supernatants; in I
the 3 rightmost tracks were applied aliquota of the proteins recovered from the

ethanol precipitates. Every other lane of the gel contained sample buffer only.

The dark bands near the top of the gel are an artifact of sample buffer and

the silver stain technique.

Figure 3. 2Ln~iQa M=~ lhn~aver chrouatosranhz n hydralysed

35S-zarAtn-lalA 2.j nrotein. Purified 0.3 protein, synthesized in the

presence of 3 5 5-oyteine was hydrolyzed in 6N HC1. The dried hydrolysate was

resuspended in water and unlabeled oysteaine-OCl (12 )ag) and methionine (15 PS)

were added as markers. The mixture (7 ul) was spotted on a cellulose sheet and

developed with 3-propanol: 34% NHO0 (7:3) (left track). Spotted in the right

track was I1 of a dilution of 3 5 8-Methionine equal to 7000 DPH plus 15 pg
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unlabeled methionine. Following chromatography the chromagram sheet was used to

expose X-ray film (1-OMAT, Kodak Company) to locate 35 3-cysteine and

35S-mthionine. The locations of these radioactive spots were compared to the

ninhydrin-determinned locations of cysteine (dotted spot, left track) and

methionine (dotted spot, right track).

Figure 4. Increse ImsInnororation 2j into 2.1 protein with

aoU6"A L§ lg non cn.entration. & r&U B was infected with T7 & H3) hal 93,A

L03 in the presence or absence of gentamicin sulfate. The cell lysates were

reacted with either non-immune serum (tracks la, 2a, 3a and 4a) or anti-0.3

antiserum (tracks 1b, 2b, 3b and 4b) and the precipitated material analyzed by

fluorography following SDS-PAGE as described in Experimental Procedures. Tracks

la and lb a no gentamicin present; tracks 2a and 2b a 10 pg gentamicin/ml;

tracks 3a and 3b a 20 pg gentamioin/ul; tracks 4a and 4b = 40 pg gentamicin/ml.

I
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Table 1. Strains of E. coli used in this study.

Strain Genotype Source

R Su0  Lab stock

BBw/t Su+ (amber suppressor of unknown Lab stock
specificity)

KL266 leu B6, proC32, hisF80, cysC43, K.B. Low via
thyA54, metE70, thi-1, ara-14, B.J. Bachmann
lacZ36, xyl-5, m-, mialA.38,
rpsE2115, rpsLlO9

RLO01 minA, minB, aroE, (spcr) Constructed for
this worka

RL002 minA, mirB Constructed for
this workb

RL003 minA, minB, ramC319, (spc s ) Constructed for
this workc

DS410 minA, minB, rpsL J.N. Reeve (20)

C600 supE

RH2887 thr-, leu-, lacY, ramC319, T. Cabezon (25)

AB2834 aroE, (spcr) J. Davies

a Plvir transduction of aroE, spcr from E. coli AB2834 to DS410. Spcr transductants

were selected and screened for aroE and rp . This strain was used to construct
RL 003.

b Plvir transduction of rpsL+ from E. coli C600 to DS410. Transductants were

replica plated from M9 minimal medium onto M9 minimal medium plus streptomycin
(10 ug/ml) to isolate RL002, a streptomycin-sensitive, minicell-producing strain.

c Plvir.transduction of E. coli RH2887 into RLOO1, selecting aroE+ transductants

on minimal agar plates lacking the aromatic amino acids. Aritransductants
were subsequently screened on minimal agar plates containing spectinomycin
(100 ug/al). AroE+, spc5 transductants were analyzed for the ramC319 allele by
their ability to suppress both T4 nonsense mutants HB7 (UAG codon) and N65
(UGA codon) (25).
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Table 2. Incorporation of Cysteine a-"d Methionine into T7 0.3 Protein.

Molecules of cysteine a Molecules of methionine

Strain per molecule 0.3 protein per molecule 0.3 protein

B 0 .0 2 3 + 0 0 0 1 b 5 .7 + 0 .6 d

11266 0.014 + 002c5.0 +1.d

a Experiments were performed as described in Experimental Procedures.

Molecules of cysteine (or methionine) per molecule 0.3 protein was
calculated as: DPM in 1 molecule of 0.3 protein X Number of cysteine
(or methionine) molecules per 35S DPM.

b Mean of 6 experiments + S.D.

C Ma f4eprmns+SD

dMean of 3 experiments + S.D.

d Me n of 3 ex erim nts S.I



Table 3. Increased Misincorporation of Cysteine into 0.3 Protein in the
Presence of Gentamicin or Streptomycin.

Molecules of cysteine

Strain jg gentamicin sulfate/mla per molecule 0.3 proteinb

B 0 0.023

B 2.5 0.029

B 5.0 0.035

B 10.0 0.038

Molecules of cysteine

Strain PhenotypeC )g streptomycin/ml per molecule 0.3 proteinb

RLO02 W.T. 0 0.025

RL002 W.T. 10 0.036

DS410 strr 0 0.026

DS410 strr 10 0.028

RL003 ram 0 0.034

RL003 ram 10 0.041

"Potency (ug/ug) as determined by the manufacturer was 61Z.

bCdlculations were performed as described in Table 2.

CPhanotype for protein synthesis: W.T. - wild type; strr - streptomycin-

resistant; ram ribosomal ambiguity mutant.
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recombinant DNA research.

1979 - Ta2zn ar in EDMO advanced techniques course (Plasuide),
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PlUIUSZOnAL SERICT :
&rat reviews D.. .• N.A.T.O., D0•)

SProject consultant (D.O..)
Nmu% cript reviews (J. Mol. iol.; J. Virol.; Met. Gen. Gee:.

Carr. Microbiol.; tur. J. Biochem.; J. Bacteriol.)
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